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Abstract 
Carbon dioxide (CO2) sequestration in deep aquifers is one of the options for reducing the emission of greenhouse 
gases to the atmosphere.  It is efficient to inject super critical CO2 into an aquifer if the geomechanical stability of the 
aquifer-caprock system can be maintained during the injection. An axisymmetric horizontal aquifer-caprock system is 
modeled including hydromechanical coupling in order to study influence of various factors - such as injection rate, 
permeability and stiffness of the caprock and aquifer - on the stability and especially the integrity of the caprock. 
Here the local safety factor is considered as an index of caprock integrity. It is shown that the effective stress state of 
the caprock close to the injection well could become critical for shear failure quite early in the injection. A buildup of 
gas pressure in the aquifer causes caprock deformation, inducing an increase in deviatoric stress within the caprock. 
Larger injection rates and lower aquifer permeability amplify such phenomena, increasing the risk of losing caprock 
integrity. Increased aquifer stiffness, in contrast, restricts the caprock deformation, and lowers the risk. 
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1. Introduction 
In carbon dioxide (CO2) sequestration in deep aquifers, it is efficient to inject super critical CO2 into an 
aquifer if the geomechanical stability of the aquifer-caprock system can be maintained. Thermal-hydro-
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mechanical (THM) coupled modelling is one of best approaches to predict the integrity of the aquifer-
caprock system. Recent coupled hydromechanical (HM) simulations have shown that: 
 Coupled hydro mechanical processes result in reduction of CO2 injection pressure in the case of 
constant rate injection (Rutqvist et al., 2002 [1]) and consequent lower increase in fluid pressure in the 
caprock (Vilarrasa et al., 2010 [2]),  
 The initial stress regime plays an important role with regard to  the potential for inducing caprock 
failure (Rutqvist et al., 2008 [3], Vilarrasa et al., 2011 [4]),  
 Hydromechanical changes are largest in the lower zone of the caprock, presenting the greatest risk of 
rock failure, particularly in the early stages of injection (Vilarrasa et al., 2010 [2]). 
In these recent studies Rutqvist et al. used the coupled TOUGH-FLAC simulator (Rutqvist et al., 2002, 
Rutqvist, 2011 [5]), which uses sequential HM couplings between the two codes, while Vilarrasa et al. 
used the finite element numerical code CODE_BRIGHT (Olivella et al., 1994, 1996 [6, 7]) modified for 
CO2 injection, which simulates the coupled HM processes directly.  
In this study an axisymmetric horizontal aquifer-caprock system is modelled including 
hydromechanical coupling using the modified CODE_BRIGHT code in order to study the influence of 
various factors such as injection rate, caprock and aquifer permeability and caprock and aquifer stiffness 
on the mechanical stability, particularly the integrity of the caprock. The geomechanical stability of the 
aquifer-caprock system is discussed on the basis of the numerical simulation results. The discussion is 
mainly focused on which factors significantly affect the geomechanical stability of the caprock. 
2. Analysis method 
2.1. Model geometry and boundary conditions 
In this study an axisymmetric horizontal aquifer-caprock system is modelled with typical geometry 
and material properties. A 100m thickness of homogeneous aquifer is settled on base rock at a depth of 
1000m underneath a 500m thick homogeneous caprock as shown in Figure 1.  Super critical CO2 is 
injected with a constant rate into an injection well located at the center of the axisymmetric model 
uniformly over the entire thickness of the aquifer for 500 days. A constant overburden pressure (vertical 
total stress: v=10.8MPa) is applied at top of the caprock. Hydrostatic pressure and a coefficient of 
effective earth pressure at rest of 0.67 (horizontal total stress: h =0.67 v) are assumed as the initial 
conditions together with a constant temperature of 40 C . 
 
 
Constant effective stress and hydrostatic pressure 
caprock 
base 
aquifer 
Axisymmetric axis 
GL-1000m 
GL-1100m 
GL-1600m 
CO2 
injection 
GL-500m 
Constant hydrostatic pressure B.C. 
4,100 m  
Fig. 1. Model geometry, finite element mesh and boundary conditions (B.C.) 
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2.2. Material properties and analysis cases 
The aquifer is assumed to be a sandstone with higher permeability, lower capillary pressure and lower 
stiffness and the caprock a mudstone with lower permeability, higher capillary pressure and higher 
stiffness. Material properties for the reference case (case-1) are summarized in Table 1 and phase 
properties in Table 2. The materials are assumed to behave in a linear elastic manner to facilitate the 
performance of a parametric study. Therefore failure or plastic deformation is not considered. The 
geomechanical stability is assessed by the local safety factor (L.S.F.) based on a Mohr-Coulomb criteria 
obtained from the simulated effective stress, described as follows:  
 (1) 
where 1 and 3  are maximum and minimum effective principal stress (positive in compression), c is 
cohesion and  is the internal friction angle. 
The permeability of the materials, k is assumed to depend on the deformation, i.e. the change in 
porosity, described by the following equation (Davis and Davis,1999 [8]): 
k = k0 exp [c(n/n0-1)] (2) 
where n is porosity, n0 is reference porosity and k0 is the reference permeability when n = n0. 
Code_Bright provides several expressions for CO2 properties including supercritical state and liquid 
phase properties in which CO2 is dissolved. Liquid density depends on pressure, temperature and the 
amount of dissolved CO2. An expression by Garcia et al (2003) [9] is used for the dependence of the 
amount of dissolved CO2. Liquid viscosity depends on temperature only and therefore constant viscosity 
is used in this study because a constant temperature is assumed here. A law with values adjusted by 
Spycher et al.(2003) [10] is used for CO2 density depending on pressure and temperature. CO2 viscosity 
depends on CO2 density (pressure) and temperature using an expression proposed by Altunin and 
Sakhabetdinov (1972) [11]. 
 
Table 1. Material properties used in the analysis 
Property Unit Aquifer (sandstone) Caprock & Base (mudstone) 
Permeability, k m2 1.0 ×10-13 1.0 ×10-18 
Porosity, n - 0.35 0.30 
Relative permeability: 
(van Genuchten model) 
Slr, Sls for liquid 
Sgr, Sgs for gas (CO2) 
 
 
- 
- 
- 
 
 
0.457 
0.30, 1.0 
0.05, 10.0 
 
 
0.457 
0.30, 1.0 
0.05, 1.0 
Water retention (capillary) : 
(van Genuchten model) 
  
P0 
Slr, Sls 
 
 
- 
MPa 
- 
 
 
0.457 
0.018 
0.0, 0.999 
 
 
0.457 
0.95 
0.0, 0.999 
E GPa 0.23 3.1 
  - 0.3 0.3 
Internal friction angle   30 30 
Cohesion MPa 0 0 
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Table 2. Phase properties used in the analysis 
Phase Property Unit Value 
Solid Density, s Mg/m3 2.7 
Liquid Density, l :  
 
 
V : Garcia, 2003 [9] 
   l0 : Reference density 
    : Compressibility 
    : Volmetric thermal expansion coefficient 
   Pl0 : Reference pressure 
MCO2 CO2 Molecular mass 
Mg/m3 
 
 
 
m3/mol 
Mg/m3 
MPa-1 
-1 
MPa 
kg/mol 
 
 
 
 
 
1100 
4.4x10-4 
-3.4x10-4 
0.1 
0.044 
Viscosity, l :  
 
  A 
  B 
MPa s 
 
 
MPa s 
K 
 
 
 
2.1x10-12 
1808.5 
Gas 
(CO2) 
Density, g : Spycher et al, 2003 [10] Mg/m3  
Viscosity, g : 
Altunin & Sakhabetdinov,1972 [11] 
MPa s  
 
Table 3. Analysis cases with showing parameter variation 
case Injection rate 
(kg/sec) 
Permeability k  (m2) 
and gas entry pressure 
p0 (MPa) of aquifer 
Permeability k  (m2) 
and gas entry pressure 
p0 (MPa) of caprock 
Young s 
modulus E  
(GPa) of aquifer 
Young s modulus 
E (GPa)   of 
caprock 
1(ref.) 10 k=1.0 ×10
-13 
p0=0.018 
k=1.0 ×10-18 
p0=0.95 
0.23 3.1 
2 50     
3  k=1.0 ×10
-14 
p0=0.039 
   
4   k=1.0 ×10
-16 
p0=0.19 
  
5    3.1  
6     1.55 
 
 
Six cases of coupled HM analyses with different material properties or different injection rate are 
performed as shown in Table 3. Only one material property or injection rate is varied from the reference 
case in each case so that influence of a single factor on the integrity of caprock can be clearly found. The 
phase properties are not changed. The gas entry pressure p0 is changed depending on the permeability 
satisfying the following equation [12]: 
p0 [MPa]=5.6×10-7 (k [m2] )-0.346                                                                                     (3) 
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3. Simulated behavior of  the aquifer-caprock system during super critical CO2 injection (reference 
case) 
3.1. Gas pressure 
Figure 2(a) shows the distribution and development of gas (super critical CO2) pressure. The gas 
pressure quickly increases around the injection well at the beginning of injection and then gradually 
develops horizontally within the aquifer but not the caprock.  Gas pressure buildup extends to about 1,000 
m from the injection well after 500 days injection in this case. 
3.2. Liquid saturation (CO2 migration) 
Figure 2(b) shows development of liquid saturation distribution, showing CO2 intrusion and migration. 
It is found that the CO2 intrudes into the aquifer laterally and uniformly throughout the entire thickness of 
the aquifer at the beginning of injection and then spreads out along the aquifer-caprock contact due to 
buoyancy. Very little CO2 intrudes into the caprock even after 500 days injection. 
3.3. Deformation  
The porosity of the aquifer increases with increasing gas pressure in the aquifer and lateral  
development, inducing caprock deformation. Bending deformation of the caprock due to CO2 injection 
can be seen.  Vilarrasa et al., 2010 [2] showed that the caprock acts as a bending plate because of pressure 
buildup and hydromechanical effects leading to smaller increases in fluid pressure in the caprock. and 
horizontal extension of the upper part of the caprock. 
 
  
  
 
Fig. 2. Distribution and development of (a) Gas (super critical CO2) pressure in the aquifer, (b) Liquid saturation distribution and 
development 
t=2 d 
t=50 d 
t=500 d 
t=2 d 
t=50 d 
t=500 d 
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3.4. Liquid pressure and  stress state 
Figure 4 shows the time evolution of liquid pressure Pl, mean effective stress p , equivalent deviatoric 
stress q and the local safety factor defined by Eq.(1) in the caprock relatively close to the injection well 
for the reference case. It is found that both the liquid pressure and mean effective stress decrease in the 
early stages, while the deviatoric stress rises sharply with a subsequent decrease over time. This is the 
cause of the early decrease in local safety factor with subsequent recovery. It is found that the risk of 
shear failure in the caprock is higher in the early stages of injection close to injection well. 
4. Influence of CO2 injection rate and material parameters on caprock integrity 
Time evolution of the local safety factor at monitoring locations (see Figure 4(c)) obtained from all 
simulation cases is shown in Figure 5. Increase in injection rate and decrease in aquifer permeability have 
a large negative impact on mechanical stability of the caprock, while higher caprock permeability , larger 
aquifer Young s modulus and smaller caprock Young s modulus of caprock have little effect: 
 High injection rate (case-2) and a low permeable aquifer (case-3) lead to a significantly higher gas 
pressure buildup in the aquifer, resulting in larger deformation and increase in deviatoric (shear) stress 
in the caprock. These two factors could have a critical impact on the integrity of caprock. 
 Highly permeable caprock (case-4) leads to a quick and large liquid pressure buildup in the caprock, 
inducing a larger reduction of mean effective stress in the early stage of injection. However this factor 
would not affect the integrity of caprock to such a great extent. 
 A stiffer aquifer (case-5) restricts deformation of the caprock due to gas pressure buildup in the aquifer, 
leading to a smaller increase in the deviatoric stress and a small decrease of mean effective stress, 
resulting in a relatively small reduction of the L.S.F.. 
 A more compliant caprock (case-6) leads to larger deformation of the caprock but does not affect fluid 
pressure, stress state in the caprock, and therefore integrity of the caprock to any great extent.  
 
 
 
 
 
 
Fig. 3. Deformation geometry and change in porosity of aquifer (deformation scale factor:500). Reference case 
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Fig. 4. Time evolution of liquid pressure, stress state (a) and L.S.F. (b) in the caprock during first 10 days of injection.  
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Fig. 5. Time evolution of the local safety factor in the caprock 
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5. Conclusions 
An axisymmetric horizontal aquifer-caprock system is modelled, simulating coupled hydromechanical 
processes during super-critical CO2 injection into the aquifer. The simulations illustrate that the effective 
stress state of caprock close to injection well could become critical for shear failure in early stages of the 
injection. The buildup of gas pressure in the aquifer causes volumetric deformation of the aquifer and 
bending deformation of the caprock, inducing an increase in deviatoric (shear) stress in the caprock. 
Higher injection rates and lower permeability of the aquifer amplify such phenomena, and the risk of 
losing caprock integrity increases. A stiffer aquifer, in contrast, restricts deformation of the caprock, and 
the risk reduces. Low stiffness caprock and low permeability of caprock do not affect the mechanical 
stability of the system to such a great extent. 
As the simulation analyses performed in this study have been made under highly idealized conditions, 
general conclusions about the important factors which significantly affect caprock integrity cannot be 
established yet. Further study using coupled HM simulation will be performed applying the approach to 
actual sequestration projects. Coupled HM simulation has the great advantage of accurate estimation of 
mechanical stability of the aquifer-caprock system and therefore sustainable CO2 injection planning. 
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